Taking into consideration the variation in exposure concentration, respiration rate, and susceptibility, the overall population attributable fraction (PAF) for lung cancer caused by inhalation exposure to PAHs was 1.6% (IR, Ϸ0.91-2.6%), corresponding to an excess annual lung cancer incidence rate of 0.65 ؋ 10 ؊5 . Although the spatial variability was high, the lung cancer risk in eastern China was higher than in western China, and populations in major cities had a higher risk of lung cancer than rural areas. An extremely high PAF of >44% was estimated in isolated locations near small-scale coke oven operations.
P
olycyclic aromatic hydrocarbons (PAHs) are included in the Convention on Long-Range Transboundary Air Pollution Protocol on Persistent Organic Pollutants and are among the most toxic organic pollutants of concern in China. High PAH air concentrations have been shown to induce heritable mutations in mice (1) . In addition, an increased lung cancer risk in people who work in coke oven and aluminum production plants, where they are exposed to high levels of PAHs, has been documented (1) .
The annual PAH emission in China was Ϸ114,000 tons in 2004, accounting for 29% of the global total (2) . Consequently, the ambient air PAH concentrations in many parts of China are orders of magnitude higher than those in developed countries. For instance, it was reported that the mean particulate phase PAH concentration in the North China Plain, including both urban and rural areas, was 346 ng/m 3 3 ) (4) (5) (6) . Because the combustion of biomass and coal for energy in China will not change significantly in the coming decades, severe PAH contamination in China is expected to continue. A number of studies have been conducted on the health risks caused by PAH exposure in China but those studies were limited to either occupational exposure or localized cases with extremely high PAH concentrations (7, 8) . Lung cancer has been ranked as the fourth and fifth leading causes of cancer death in Chinese males and females, respectively (9) . So far, however, a nationwide assessment of the potential health risks caused by PAH exposure in China has not been done.
Measured PAH concentrations in ambient air can be used to evaluate human exposure risk. However, in most cases, these measurements were conducted randomly at a limited number of sites. For a regional study, models, with satisfactory validation, are preferred for estimating the spatial distribution of ambient air PAH concentrations for population exposure assessment. For example, an Industrial Source Complex Long-Term model was used to map PAH concentrations at ground level in Tianjin, China and a relatively high exposure risk was found among urban residents (10) .
Because atmospheric PAH concentrations vary from place to place because of variation in emissions and atmospheric transport, there is also a high degree of variability in human exposure to PAHs via inhalation. In addition, differences in respiration rate and genetic susceptibility among individuals can lead to a different risk at the same exposure level (11) . To the best of our knowledge, however, genetic susceptibility has never been included in a probabilistic lung cancer risk assessment of PAH exposure. The individual respiration rate is body weight dependent (12), while genetic susceptibility for lung cancer risk is associated with the polymorphism of genes related to metabolism of carcinogens and DNA repair (1) . Based on these relationships, the variability in respiration rate and susceptibility can be taken into account in a populationlevel exposure risk assessment.
Population attributable fraction (PAF) represents the proportional reduction of a certain disease or death within a population that would occur if the exposure to a risk factor were removed or reduced to an alternative level (13) . This concept was applied successfully to address the global disease burden caused by multiple risk factors (14, 15) and the relationship between residential radon exposure and lung cancer in Europe (13) .
The objectives of this study were to model the ambient air PAH concentrations and evaluate the lung cancer risk caused by inhalation exposure to PAHs at the population level in China. The variability in the exposure risk was addressed by using the spatial variation in PAH exposure concentration and the interindividual variation in respiration rate and genetic susceptibility.
Sixteen parent PAHs on the United States Environmental
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Protection Agency priority pollutant list (16) were included in this study.
Results and Discussion
Ambient Air PAH Concentrations. The calculated ambient air concentrations of benzo[a]pyrene (B[a]P), a representative carcinogenic PAH compound, at 1.5 m above ground surface are mapped in Fig. 1 . The detailed results of the modeling for all PAHs are presented in SI Appendix. Given the relatively short atmospheric lifetime of gas-phase PAHs (17) , the similarity in the spatial distributions of PAH concentrations and the PAH emission inventory is expected. In general, atmospheric PAH concentrations in east China were higher than those in the west. Particularly high PAH concentrations were estimated in the North China Plain, East Sichuan Basin, and part of Guizhou. Although the total area of these provinces accounts for only 12% of the land area of China, biomass consumption and coal usage for the coking industry in these provinces accounts for 48% and 66% of the national use, respectively. In addition, biomass and coke production generate Ͼ83% of the total PAH emission in China (18, 19) . Extremely high PAH concentrations are estimated in Shanxi (from Taiyuan to Linfen) and the calculated ambient B[a]P concentrations in a number of model grid cells were as high as 400 ng/m 3 . In fact, Ϸ1-2 g/m 3 B[a]P has been measured at sites within this geographic area (20) . Shanxi produced 300 million tons of coal in 2003 and ranked first in PAH emission among all Chinese provinces (18) because of thousands of small-scale coke ovens without any emission control measures (18) . Relatively high PAH concentrations in west Guizhou can also be attributed to widespread small-scale coke production (18 3 ) and phenanthrene (94.5 ng/m 3 ) had the highest concentrations, they did not contribute significantly to the total B[a]P eq because of their relatively low toxicity.
As expected, the geographic distribution of the populationweighted B[a]P eq was similar to that of ambient PAH concentrations. However, the population-weighted B[a]P eq values in the North China Plain, East Sichuan Basin, and Pearl River Delta were very high because of spatial overlap of the high PAH emission density and high population density. In addition, high population-weighted B[a]P eq values were identified in cities in northeast China (e.g., Shenyang and Harbin), southeast China (e.g., Guangzhou and Fuzhou), and western China (Urumuqi and Lhasa). In general, the population-weighted B[a]P eq values in urban areas, including small-and medium-sized cities and towns, were higher than those in rural areas. However, the difference between urban and rural areas in China was not as large as in developed countries. In developed countries, PAH emissions are primarily from traffic, waste incineration, and consumer product usage that occur primarily in urban areas (2) . For example, the geometric mean concentration of 15 PAHs was 200 and 14 ng/m 3 in the urban center of Chicago and an adjacent rural site, respectively (22) . In contrast, the most important PAH source in China is biomass combustion, which contributes 56% to the total PAH emissions in the country and occurs primarily in villages (18) . Based on an extensive air monitoring campaign in the North China Plain in the winter of 2004-2005, PAH concentrations in rural areas were similar to, if not higher than, those in urban areas (23) . If indoor air pollution is taken into consideration, the respiration risk in rural dwellings could be even higher than that in ruban dwellings because of the widespread use of biomass and coal-burning stoves.
The cumulative frequency distributions of the model predicted annual mean B[a]P eq concentrations across China, with and without population-weighting, are plotted in [a]P eq WHO guideline is applied, the exceedence rates would be 30% (IR, Ϸ22-38%) of the land area and 77% (IR, Ϸ66-85%) of the population. The population exposure to PAHs from different emission sources was also calculated, and the relative contributions were significantly different from their contributions to the total PAH emissions. Table 1 shows these differences using B[a]P as a representative PAH. Intake fractions (IFs), defined as the fraction of the emission that is eventually inhaled, for various sources are also presented in Table 1 (25, 26) . The relative contribution of each emission source to the PAH exposure depends on the location and height of the emission. A typical example is the difference between high industrial sources (100 m) and small-scale coke ovens (10 m). The contribution of the latter increased from 39% of the total emission to 46% of the total exposure, whereas the contributions of the former decreased from 3.9% to 1.7%. When PAHs are emitted lower in the atmosphere, they are transported to ground level in the surrounding area. However, when PAHs are emitted at ground level, their transport to the surrounding area is limited. As a result, the relative contribution of biomass burning PAH emissions at ground level to the exposure (43%) was less than that to the total PAH emissions (47%). The relative contribution of an emission source to the population-weighted exposure was also affected by the location of the source. For example, the contribution of wild fires, which occurred in remote areas, to the population-weighted PAH exposure (0.02%) was significantly lower than its contribution to the total emission (0.07%). The overall IF was Ϸ27 per million for B[a]P emitted in China, and varied from 7.4 (wild fires) to 106 (traffic) per million, depending on the spatial distribution of the PAH emissions and population and the height of emission sources.
PAH Exposure Risk.
To evaluate the potential lung cancer risk caused by inhalation exposure to PAHs, the overall PAF was calculated. Based on the average population-weighted B[a]P concentration, the calculated PAF was 0.53% (IR, Ϸ0.29-0.95%). However, when the variation in the asymmetrically distributed PAH exposure concentration, respiration rate, and genetic susceptibility were taken into account, the recalculated arithmetic mean PAF increased to 1.6% (IR, Ϸ0.91-2.6%), which suggests that the risk is underestimated when variability is not included. Fig. 3 shows the ccumulative frequency of PAFs with and without the variabilities. The underestimation of risk is particularly evident for high-risk populations when variability is not included. Because the cumulative frequency curve is the steepest between 0.1% and 1% and more than half of the Chinese population has PAF values within this range, 0.1% and 1% were used as the threshold levels for evaluating the risk. By including the variabilities in the model, the percentage of the population with PAF Ͼ1% increased from 13.7% (IR, Ϸ4.5-27.5%) to 24.5% (IR, Ϸ16.4-34.1%), while the percentage of the population with PAF Ͻ0.1% did not change significantly. Because China's lung cancer incidence rate was 40.7 ϫ 10 Ϫ5 in 2003 (27) , the excess annual lung cancer incidence rate induced by Table 1 The results were derived with (brown curves) and without (blue curves) taking into consideration the variation in respiration rate and susceptibility. The 25th and 75th percentiles are presented as dashed curves.
. Relative contributions of various B[a]P emission sources to the total B[a]P emission and population B[a]P exposure concentration with and without population weighting
PAH exposure was estimated to be 0.65 ϫ 10 Ϫ5 . The geographic distribution of PAF was similar to that of the PAH exposure concentration (SI Appendix).
Although the overall mean PAF for China was 1.6%, extremely high PAFs of Ͼ44% were predicted in a number of isolated areas, including Shanxi and Guizhou, where small-scale coke ovens had operated for years. The annual mean ambient B[a]P concentration in these areas can reach Ͼ400 ng/m 3 , which is comparable with the occupational exposure of coke-oven workers (28) . According to a survey in suburban Yuncheng, Shanxi, where a large number of coke production facilities are located, the annual lung cancer incidence was as high as 117.6 ϫ 10 Ϫ5 (29), significantly higher than the national average of 40.7 ϫ 10 Ϫ5 (30) . Such a high localized risk is of particular concern for vulnerable populations, including children and those with high lung cancer susceptibility. Relatively high PAFs are predicted in major cities such as Tianjin, Shijiazhuang, Xi'an, Zhengzhou, Hefei, and Harbin where PAF values ranged from 1% to 10%. Over the entire eastern China, mean PAF values were Ϸ3%, which was much higher than mean PAF of 0.2% in western China. Zhang et al. (30) summarized the annual lung cancer incidence rate for 35 registries in 2003 and came up with rates between 10.1 ϫ 10 Ϫ5 and 69.9 ϫ 10 Ϫ5 (SI Appendix). This survey also revealed that the lung cancer incidence rates in large cities (45.9 ϫ 10 Ϫ5 ) were significantly higher than those in small cities (26.6 ϫ 10 Ϫ5 ) and that the lung cancer incidence rate in eastern China (36.1 ϫ 10 Ϫ5 ) was higher than that in western China (17.5 ϫ 10 Ϫ5 ) (30) .
The PAFs induced by inhalation exposure to PAHs were also calculated for the registries involved in the epidemiological survey conducted by Zhang et al. (30) , and the relatively low PAFs (Ϸ0.08-8.33%) caused by PAH exposure implies the existence of other potential causes of lung cancer. Cigarette smoking, inhalation system disease, and exposure to other atmospheric pollutants are among the major causes of lung cancer (9, 27) . For example, a nationwide survey revealed that cigarette smoking accounted for 50% of male deaths caused by lung cancer and 35% of female deaths caused by lung cancer (9) . Although the risk caused by exposure from ambient PAHs was much less than that from cigarette smoking, the former exposure was unintentional to the entire population. It should also be pointed out that the calculated PAF assumed a lifelong inhalation exposure. Because PAH concentrations were much lower before the 1980s, the model prediction of lung cancer rate may be an overestimation. Because biomass and domestic coal combustion account for 63% of the total PAH emissions in China and these fuels are used indoors for heating and cooking (18) , it is very likely that inhalation exposure to PAHs indoors is higher than outdoors in rural China. In an extreme case, it was reported that the average B[a]P concentration in kitchens of rural families in Xuanwei, Yunnan was as high as 14.7 g/m 3 as a result of using smoky coal for heating and cooking (31) . The higher lung cancer death rate of nonsmoking females compared with nonsmoking males in rural China is likely caused by exposure to smoke from biomass and coal combustion in kitchens (29) . Because the current risk assessment is based on PAH concentrations in outdoor air, more information on rural indoor air PAH concentrations is urgently needed before an overall assessment of PAH inhalation risk can be conducted. In addition to respiration exposure, ingestion is an important pathway of human PAH exposure. Ingestion exposure to PAHs in China includes direct contamination of foods (32, 33) and contamination during the cooking process (33) . The potential risk of PAH exposure caused by ingestion should also be evaluated in China.
Policy Issues. Energy consumption in China is expected to increase rapidly in the coming decades. However, PAH emissions may not follow this same trend because most of the additional energy consumption will be in the form of power generation and industrial activities that have relatively low PAH emission factors (18) . PAH emissions will decline in China in the future because existing small-scale coke ovens, which account for 39% of the total current PAH emissions, will be closed under the Coal Law. Over the past decade, hundreds of thousands of coal-burning family stoves in urban districts of Beijing have been replaced by natural gas stoves or centralized heating facilities, leading to a dramatic reduction in PAH emission (34) . In fact, there is a trend to replace family stoves with centralized heating facilities in northern Chinese cities (18) . As a result, despite the rapid growth in industry and fast increase in the number of automobiles, the projected PAH emissions in China for 2010 is Ϸ73% of the emissions in 2003 (18) . If these PAH emission reduction measures are fully realized and meteorological conditions do not change significantly, we predict that the percentage of the Chinese population exposed to B[a]P eq concentrations that exceed the national standard would be reduced from 30% (IR, Ϸ22-38%) in 2003 to 22% (IR, Ϸ10-37%) in 2010. The PAF would decrease from 1.6% (IR, Ϸ0.91-2.6%) to 1.2% (IR, Ϸ0.70-2.0%) during the same period.
Although the total PAH emission will decrease in the future, the emission from indoor biomass burning in rural areas, which contributes a large portion of the PAH exposure in China (48% in 2003), will increase slightly. Biomass will remain to be the major energy source in rural China for many years to come. However, how the biomass is burned will make a big difference in the PAH emissions (18) . From 1980 to the mid-1990s, a program was carried out to promote improved biomass burning stoves in rural China (35) . Although coal-burning stoves were not highlighted in the program and the achievement of the program was not as promising as planned (36) , the potential for saving energy and reducing emissions by applying simple, inexpensive, practical, but effective low-technologies was well demonstrated. In addition to improved stoves, the emission from biomass burning can be reduced substantially by converting it to biogas or biomass briquette (18) . In fact, the number of household biogas digesters increased rapidly in recent years (35) . It was reported that the government subsidy for biogas digesters has increased 25% and 5 million new digesters will soon be in place (The Central Government of China: http://english.gov.cn). Under the increasing pressure of energy shortage, environmental pollution, and emission reduction obligation, the wide application of these new technologies appears to have a bright future. However, the access to continuous technical, financial, and administrative support required to apply these technologies continue to be a challenge.
Methodology
The model framework applied in the present study is a combination of three models including an atmospheric transport model, a population exposure model, and a lung cancer risk assessment model. These three models are briefly introduced below. More details are presented in SI Appendix.
Transport Modeling. The atmospheric transport of PAHs in China was predicted for the reference year of 2003 by using the CanMETOP (Canadian Model for Environmental Transport of Organochlorine Pesticides) model (37) based on a high-resolution emission inventory (18) and meteorological data for the same year. Given that the spatial resolution of the model was 24 ϫ 24 km 2 , the detailed variation in air concentration and deposition of PAHs at the subgrid scale was averaged and smoothed. Consequently, the ambient air concentrations at an urban site, where population density and emission rate were much higher than those in the surrounding suburban and rural areas within the same grid cell, were underestimated. Such a scaling effect was rectified by interpolating the calculated concentrations into 1 ϫ 1-km 2 grids based on the 1 ϫ 1-km 2 emission inventory (18) . The model predictions, both originally calculated and spatially interpolated, were validated by comparing them with the literature reported mean concentrations at 33 sites over China. The interpolated results are generally acceptable. Monte Carlo simulation was applied to evaluate the total uncertainty. The detailed information on model description, parameterization, down-scaling interpolation, validation, and uncertainty analysis is provided in SI Appendix. Exposure Modeling. Human inhalation exposure to PAHs was evaluated based on B[a]P eq, which was calculated by using the model predicted PAH concentrations at 1.5 m above ground surface and toxicity equivalent factors. The calculated B[a]P eq values at 1 ϫ 1-km 2 resolution were population-weighted to address the overall carcinogenic risk. The detailed information on BP eq calculation and population-weighting are presented in SI Appendix.
Lung Cancer Risk Assessment. The lung cancer risk in each 1 ϫ 1-km 2 where rr and URR are the relative risk associated with a given B[a]P concentration (cbap) and unit relative risk, respectively (38) . The rr was calculated by using a dose-response relationship between rr and cumulative exposure to B[a]P (38) . A lifelong exposure of 70 years was assumed. The URR value of 4.49, at a benchmark of 100 g/m 3 years of B[a]P exposure, was adopted based on the result of an epidemical study conducted in Xuanwei, China, where high lung cancer incidence rate was associated with indoor burning of smoky coal (39) .
The uncertainty and variability of the predicted exposure risk were evaluated by using Monte Carol simulation. The three distribution functions for exposure concentration ( f c), respiration rate ( fir, relative to the population mean), and genetic susceptibility ( f sus, relative to the population mean) were adopted for describing the variabilities of the model input. The f c was generated from the transport modeling. The f ir was derived from a nationwide survey conducted from 2001 to 2004 and covered persons randomly chosen from four provinces in China and data on gender, age, body weight, and the minute ventilation were all collected (40) . For developing f sus, the quantitative information on polymorphism of human enzyme system responding to PAH metabolism and DNA repair was collected. Metastudies with large enough sample sizes to establish statistically significant results were selected. The frequencies of at-risk alleles of 13 types of polymorphism on eight lung cancer susceptibility-related genes of Chinese or Asian populations were collected from the literature. These data were not based on age or gender. Detailed information on the derivations of the respiration rate, calculation of the susceptibility functions, and the Monte Carlo simulation are provided in SI Appendix.
